Nitrate concentration in the final effluent is a key issue in pre-denitrification biological treatment systems. This study investigated post-denitrification with alginate beads containing immobilized activated sludge microorganisms and organic carbon source. A batch study was first performed to identify suitable carbon sources among acetate, glucose, calcium tartrate, starch and canola oil on the basis of nitrate removal and bead stability. Canola oil and starch beads exhibited significantly higher denitrification rates, greater bead stability and lower nitrite accumulation (6 mg/L and 10 mg/L, respectively). Glucose and acetate beads showed longer acclimation phases and degraded faster whereas tartrate beads had higher nitrite build-up (39 mg/L) and degraded due to brittleness.
INTRODUCTION
Biological removal of nitrogenous compounds from wastewater is commonly performed using nitrificationdenitrification processes with the denitrification zone located upstream of the nitrification zone. In such systems, a fraction of nitrates is released in the final effluent, which is usually treated by installing a second downstream denitrification unit with an external carbon source. For small-scale treatment systems such extensions are burdensome due to increase in footprint from an additional reactor and larger sludge production. Furthermore, some nitrogen may persist in the final discharge (Cameron & Schipper ) . Different alternative post-denitrification techniques such as denitrification beds, biological filters and endogenous denitrification in secondary clarifier have been studied in the recent past, with their own merits and demerits (Jepsen & la Cour Jansen ; Cameron & Schipper ; Chung et al. ) . In this study, immobilization technique is studied to control nitrates in the outflow without increasing the footprint.
Immobilization involves confining microbial cells in inert polymer beads (preferably made of natural gels such as sodium alginate) and allowing substrates and products to diffuse through the bead pores while protecting microorganisms against toxic compounds. Immobilization has been used for nitrification, denitrification, and simultaneous nitrification and denitrification (An & Lo ; Hill & Khan ; RuizMarin & Mendoza-Espinosa ) . The process, however, relies on carbon source availability in the medium and its uptake by immobilized bacteria. The latter process depends on the diffusional mass transfer of organic substrate into beads and is influenced by the molecular weight of carbon source (Hideo et al. ) . Alternatively, carbon source can be incorporated into the beads. However, this approach is influenced by the type of carbon source as their complexes with gel can show different biodegradability, carbon retention in gel, and bead strength. Carbon sources in beads have been mainly studied for their effect on the mechanical strength of bead (Tal et al. ; Chen et al. ) and denitrification performance (Liu et al. ) . However, several critical aspects relating to bead stability and operational lifespan, nitrogen removal patterns and organic carbon release from beads as well as application of such bead amendments for post-denitrification in a continuous-flow biological nutrient removal system have not yet been adequately explored.
In this study, glucose, acetate, calcium tartrate, starch and canola oil as carbon sources in alginate beads with activated sludge were first investigated in batch experiments for denitrification. Acetate and glucose are readily biodegradable carbon sources, calcium tartrate and starch enhance bead strength while serving as carbon sources (Tal et al. ; Krasaekoopt et al. ; Liu et al. ) and canola oil is a slow-release electron donor for denitrification that also encapsulates bacterial cells by emulsifying the gel (Hunter ; Krasaekoopt et al. ) . These carbon sources were compared on the basis of denitrification kinetics, total nitrogen removal, bead stability and carbon release to identify appropriate carbon sources, which were then investigated for post-denitrification in the secondary clarifier of a pilotscale coupled upflow bioreactor and aerobic (UBR-A) system.
MATERIAL AND METHODS

Experimental setup
Batch experiments
Five batch reactors (500 mL each) were seeded with calcium alginate beads containing similar amounts of immobilized sludge and one of the carbon sources: glucose (C 6 H 12 O 6 ), acetate (CH 3 COONa), tartrate (C 4 H 4 O 6 Ca), starch ((C 6 H 10-O 5 ) n ), or canola oil (C 59 H 94 O 5 (Idem et al. ) ). Two additional reactors were run as controls -an abiotic reactor with calcium alginate beads without carbon source or immobilized biomass to investigate the effect of abiotic factors, and a second control reactor with only biomass immobilized in alginate gel to probe any microbial denitrification in the absence of external carbon provision.
Continuous-flow experiments
Post-denitrification with beads was tested in a laboratory-scale UBR-A system treating synthetic dairy farm wastewater comprising a UBR as pre-denitrification reactor (24 L), a nitrification reactor (76 L), and a secondary clarifier (24 L) (Figure 1 O) at 1 mg/L. For postdenitrification, beads (average diameter 4 mm) were added to the clarifier in the upper part (depth 30 cm) to avoid any effect on the settling process. To restrict bead settling or losing them in the outflow, two steel meshes (2 mm screen size) were attached to the rotating shaft. The shaft was gently rotated at 2 rpm to keep the sludge and bead zone agitated for the release of nitrogen gas and ensuring a better bead-water contact. An inlet point was provided at the top for addition of beads (Figure 1 ). Flow rate in the system and to the bead zone was maintained at 25.4 L/d corresponding to a hydraulic retention time of 4 days in the system.
Carbon addition and inoculum for immobilization
For carbon amount in beads, stoichiometric carbon to nitrogen ratios (C/N) were calculated for the carbon sources using half reactions from Sawyer et al. () (Equations (1)- (5)). An f s value (fraction of electron donor utilized for biomass synthesis) of 0.6 was used for carbohydrates (glucose and starch) and 0.45 for fatty acids (acetate, tartrate and, canola oil). Acetate:
Glucose:
Starch (monomeric unit: C 6 H 10 O 5 ):
Tartrate:
Canola oil:
The stoichiometric C/N values were calculated as 1.70, 2.13, 2.72, 2.11 and 1.24 for acetate, glucose, tartrate, starch and canola oil, respectively. A conservative approach was adopted for carbon source augmentation by adding more carbon than stoichiometrically required (Liu et al. ) to ensure sufficient carbon availability for complete denitrification with beads. All carbon supplements used were of analytical grade (Ajax Finechem, New Zealand), except canola oil (commercial grade from AMCO, New Zealand). The denitrifying sludge for immobilization was taken from the UBR middle port. Volatile suspended solids (VSS) of the sludge was measured using standard methods 2540D&E (Rice ) and added at a concentration of 300 mg.VSS/100 mL of gel to give a VSS to gel ratio of 0.3% (w/v) (Liu et al. ; Hill & Khan ) .
Bead production and addition of inoculum and carbon substrate
Alginate beads were prepared from medium viscosity sodium alginate (viscosity, 2700 to 4000 cP) obtained from Ajax Finechem, New Zealand. To prepare the gel, sodium alginate was dissolved in deionized water to give 4% (w/v). The carbon source and activated sludge biomass were then added and magnetically stirred for homogeneity, followed by dilution with deionized water to make a final gel with 2% alginate concentration. For beads used in controls, the gel was prepared without the carbon supplement or sludge. To prepare beads, the gel was dripped in a continuously stirred solution of calcium chloride (CaCl 2 ) crosslinker in deionized water (2% w/v) using a peristaltic pump (ColePalmer Model 7553-75, 6-600RPM with Masterflex tubing L/S 14) and a 5 mm diameter pipe connected to the pump tubing from a height of 30 cm over the CaCl 2 solution. Round beads with average diameter of 4 mm formed immediately upon contact with the hardening solution. Crosslinking on the beads was achieved by prolonging the contact with solution to 3 hours (Hill & Khan ) .
Experimental conditions
The batch experiments were conducted using 500 mL borosilicate glass (Schott) bottles in duplicate containing a synthetic NaNO 3 medium (Parvanova-Mancheva & Beschkov ) with an initial NO 3 -N concentration of 100 mg/L. To each reactor, 40 g of beads were added. Beads' characteristics are shown in Table 1 . For pH control in batch systems, a buffer solution of KH 2 PO 4 (100 mL) and NaOH (72 to 90 mL) at 0.1 M concentration was added to each reactor to control the pH between 7.0 and 8.0, to support optimal denitrification. Upon starting experiments and during sample collection, the headspace in reactors was purged with nitrogen gas to maintain anoxic conditions. For mixing, the Schott bottles (batch reactors) were tied to a rotary wheel at a radius of 18 cm and the wheel was slowly rotated at 2 rpm to avoid physical disintegration of beads. Samples (5 mL volume) were collected twice daily at alternating 8 and 16 hour intervals (9:00 a.m. and 5:00 p.m.); hence reducing the reactor volume by 5 mL with each sampling. The samples were analysed for nitrates and nitrites using a Dionex ion chromatograph following standard method 4110 b. The pH was measured daily in the batch reactors using a Metrohm Electrode 704. and total organic carbon (TOC, mg/L) with a Shimadzu TOC-V CSH analyser every two days.
For the continuous-flow experiments in UBR-A system, two runs were performed with a duration of 12 days (Table 1) depending on bead stability and denitrification efficiency. The first run was executed with canola oil beads the and second with starch beads having the same composition as trialled in the batch study (Table 1) . Beads amounting to 840 g by weight were added into the clarifier, occupying a depth of 8 cm. Changes in the level of bead zone due to swelling/degradation were monitored by daily measuring the depth of the bead layer. Samples were taken daily (at 9:00 a.m.) from the zone below the bead layer and the clarifier outflow and daily analysed for pH, nitrates and nitrites (mg/L). During this period, total nitrogen concentration in the influent to the UBR-A system was 260 ± 21 mg/L and nitrification and denitrification efficiencies (based on ammonia-nitrogen removal in the system and NO 3 -N removal in the UBR) were 99.7% ± 0.1% and 95% ± 7%, respectively. The NO 3 -N concentration entering the clarifier was 44 ± 10 mg/L and 22 ± 8 mg/L in Run-1 (canola oil beads) and Run-2 (starch beads), respectively. The effluent pH was measured daily in both runs, which was mostly neutral and fluctuated within a range of 6.5 to 8 suitable for denitrification.
Statistical analysis
During regression analysis, the GraphPad Prism (GraphPad Software, Inc., San Diego, CA, USA) was used for curve 
RESULTS AND DISCUSSION
Nitrate removal in the biotic and abiotic batch systems without external carbon augmentation
In all batch systems 100 mg/L of NO 3 -N was initially added; sorption, following bead addition at the start of experiment, lowered the NO 3 -N concentration to between 80 and 100 mg/L. In the control without carbon and microorganism augmentation (abiotic), there was no significant drop in NO 3 -N concentration over the first 72 hours although a decline in NO 3 -N at later times was noticed (Figure 2 ), which is attributed to nitrate diffusion through beads and sorption to positively charged calcium clusters in beads (Garbayo et al. ) .
For the biotic control with no external provision of carbon, no denitrification occurred over the first 72 hours (Figure 2 ), but at later times nitrate was transformed along with nitrite formation. The organic carbon for this bacterial conversion seemed to come from the immobilized sludge as the cells decayed, biodegradable organic matter in the immobilized sludge and consumption of alginate as carbon/energy source (Wong et al. ) . Nevertheless, carbon availability was limited and led to incomplete denitrification and nitrite accumulation (Kim et al. ) after 72 hours at a rate of 0.82 mg/(L•h) and reached 78% of initial NO 3 -N at the end of the experiment (Table 2) . Duration of the experiment was reliant upon stability of beads that initially swelled and then disintegrated. This is often linked to the exchange of Ca 2þ ions with the Na þ ions in the presence of phosphate (Bajpai & Sharma ) . Phosphate prevails in biological nutrient removal processes and was used in the experiments to buffer the systems. Swelling occurs with replacement of Ca 2þ ions attached less strongly to the mannuronic block in alginate with formation of calcium phosphate, and disintegration follows with the exchange of the more strongly bound Ca 2þ to the guluronic block (Bajpai & Sharma ).
Denitrification with co-immobilized organic carbon in batch systems
In beads containing external carbon sources, denitrification could be viewed as occurring in three stages: the start-up or acclimation stage with reduction of nitrate without nitrite build-up at denitrification rate k; the following active denitrification stage during which both nitrate and nitrite degraded (although nitrite accumulation could still occur) at rate k 0 ;
and, lastly, a stage where nitrate has been depleted so that only nitrite degradation occurred at denitrification rate k″ (Table 2) . With glucose, tartrate, starch, and canola oil beads, nitrite accumulation began after 48-96 hours of nitrate reduction, while with acetate, from the start. Nitrite accumulation regardless of the type of carbon source points to the dominance of incomplete denitrifiers (which only reduce nitrate to nitrite) having a three-fold higher biomass yield over true denitrifiers (Nancharaiah & Venugopalan ) . Although the same sludge was used for immobilization, nitrite accumulation was higher for glucose and tartrate (36% and 48%, respectively) compared to acetate, starch, and canola oil (10%, 11% and 8%, respectively). This indicates a repression of nitrite reductase by nitrate reductase with limited electrons produced from low carbon availability (Almeida et al. ; Glass & Silverstein ), which continued until nitrate present was sufficiently lowered.
Denitrification with acetate and glucose incorporated in beads
Acetate and glucose are easily biodegradable carbon sources but when used in beads denitrification took longer to complete, i.e. 8 days (Figure 2 ). With both glucose and acetate, bead swelling and degradation and TOC in the medium were higher than with the other carbon source (TOC reaching 158 mg/L and 140 mg/L for glucose and acetate, respectively by the end of the experiment). The higher TOC despite the occurrence of denitrification points to a leakage of acetate and glucose from beads due to their larger diffusion coefficient compared to the higher molecular weight substrates. A study by Hideo et al. () comparing the diffusion of lower and higher molecular weight substrates both into and from calcium alginate beads found a diffusion coefficient of 4.10 × 10 À4 cm 2 /min for glucose, nearly the same as in water (4.08 × 10 À4 cm 2 /min), whereas higher molecular weight organic substrates leaked out slowly or were totally retained in the beads. Substrate leakage from the beads could have resulted in loosening of the bead structure and aided in relatively faster swelling and disintegration. With glucose, over the first 96 hours, nitrate reduction occurred without nitrite detection but the rate was the slowest of all carbon sources. Bead swelling and deterioration caused subsequent nitrate reduction rate to increase along with accumulation of some nitrite. With acetate, nitrite accumulated from the start, indicating limited initial carbon availability to the immobilized bacteria. With both carbon sources, greater bead disintegration led to more carbon release, and hence decrease in nitrate to low levels while nitrite reduction rate (-r NO2 ) became more rapid (Table 2 ). Denitrification with calcium tartrate, starch, and canola oil incorporated in beads With calcium tartrate, denitrification proceeded in a similar manner to glucose, although at higher reduction rates ( Figure 2 , Table 2 ); enhanced denitrification was accompanied by nitrite accumulation after 40 hours until complete nitrate removal had occurred at 72 hours and nitrite was reduced after nitrate exhaustion. The presence of additional calcium ions led to formation of denser beads that released organic carbon slowly, causing a higher nitrite build-up. However, due to brittleness of the beads, carbon leakage to the solution was lower (26 mg/L at the end) while the beads degraded earlier than starch and canola oil beads.
With canola oil and starch, nitrate removal was more efficient, carbon leakage was lower (33 mg/L at the end for both) and beads remained intact for up to 17 days in the denitrifying medium. Total nitrogen removal was completed within 96 hours with canola oil and in 136 hours with starch. Also, nitrite accumulation with canola oil and starch was lower, reaching a maximum of 8% and 11% of the initial nitrate concentration, respectively. In the case of canola oil, the higher stability and denitrification rate (Table 2 ) may have resulted from emulsification of gel encapsulating the bacteria (Krasaekoopt et al. ) along with canola oil being an energy source accessible to bacteria (Hunter ) . With starch, the higher rates and stability can be attributed to its effective entrapment in beads, making it more accessible to immobilized bacteria, while its granules may have increased the bead mechanical strength by bridging the matrix walls (Tal et al. ) .
Total nitrogen removal
The total nitrogen removal rates for different carbon sources, calculated using mass balance of nitrate-nitrogen and nitrite-nitrogen, are shown in Figure 3 . The total nitrogen removal rate was highest for beads containing canola oil and lowest for glucose beads. The average denitrification rates were in the order: canola oil > starch > calcium tartrate > acetate > glucose. However, the rates for canola oil, starch, tartrate and acetate were statistically similar (P > 0.05) but significantly higher than that of glucose. With acetate and glucose beads denitrification took longer to commence. The longer acclimation phases and rather slower denitrification rates with these two substrates indicated that these carbon sources were not easily available to the microbes in the gel matrix. One factor could be the higher solubility of these substrates, i.e. 91 g/100 mL and 125 g/100 mL at 25 W C in water for glucose and acetate, respectively (Igoe ; Pohanish ) . Unlike the other carbon sources, they were dissolved when mixed in the gel and, due to their higher dissolution and dispersion in the beads, became less available to the bacteria for biodegradation. Nitrate removal rates with sludge-only beads and abiotic (blank) beads were statistically similar, and significantly lower than for beads amended with a carbon source.
Post-denitrification in clarifier with starch and canola oil beads
Continuous-flow experiments were carried out with canola oil beads (Run-1) and starch beads (Run-2) due to their better performance in batch experiments. Denitrification was achieved with both bead amendments and proceeded in three different phases: an acclimation phase after bead addition with a gradual increase in denitrification, followed by a complete denitrification phase (over 90% efficiency), and a recession phase when the denitrification slowly declined with degradation of beads (Figure 4) . The acclimation phase was longer with canola oil beads, indicating that denitrification started slowly compared to starch. The total nitrogen removed with canola oil and starch beads was 4.8 g (47%) and 4.7 g (59%) respectively for the total duration of the runs. It is notable that nitrite was rarely observed during these experiments. Nitrite accumulation was also low in the batch systems with these carbon sources as discussed above. This might also indicate that nitrite reductase was not repressed and there was no limitation of electron (carbon) source to cause incomplete denitrification and accumulation of nitrite (Oh & Silverstein ) . The duration of each run and denitrification achieved were dependent on the degradation and disappearance of beads. The beads started degrading roughly at the same time with both carbon sources regardless of the nitrogen removed. Usually by day two or three, the beads started to swell, partially due to hydration but mainly due to Ca 2þ and Na þ ion exchange in the presence of phosphates (Bajpai & Sharma ) that led to an increase in bead volume by 150-250%. The swelling was followed by degradation that completed in 12 days. Alginate biodegradation due to mingling of the sludge fraction from the clarifier's sludge-bed could also have contributed towards beads disintegration. Alginate degradation by bacteria was confirmed by conducting a qualitative test to detect alginate lyase activity in the effluent in the presence of alginate-degrading bacteria (Kitamikado et al. ). Alginate lyase activity is indicated by the disappearance of turbidity produced when alginic acid is combined with bovine albumin. With the test, turbidity disappeared on day two indicating the prevalence of alginate lyase in the system. In general, the technique showed potential for smallscale treatment systems; however, there were certain operational issues that require further consideration before fullscale application. The mixing of a fraction of sludge (raised from the clarifier's sludge zone at the bottom due to nitrogen gas produced from endogenous denitrification) in the bead zone accelerated the bead degradation in addition to the chemical degradation near the end of the runs and reduced the beads' efficacy. Therefore, more stable beads would be required to prolong the treatment, to afford increased carbon fraction in the beads and to reduce the frequency of bead addition/replacement. These issues need to be redressed to ensure the viability of this method in full-scale clarifiers. It is envisaged that enhancements in bead strength with use of a more stable and nontoxic polymer gel, and modification in the design of the bead zone in the clarifier (to allow for the escape of gases released from the sludge layer) could boost the potential of this technique for post-denitrification.
CONCLUSIONS
The experimented bead amendments with carbon sources and activated sludge effectively removed nitrates; however, kinetic behaviour and bead stability depended on the resulting bead matrix and carbon source retention. Denitrification with glucose and acetate beads took longer due to slower utilization of the added carbon sources whereas bead degradation was faster due to leakage of these carbon sources. Nitrite accumulation was higher with tartrate and glucose, indicating slow carbon availability. Canola oil and starch demonstrated higher denitrification rates, greater bead stability and lower nitrite accumulation. Without carbon supplementation, denitrification also occurred with alginate oxidation but at significantly lower rate. In continuous-flow runs in the clarifier with starch and canola oil beads, complete nitrate removal was also achieved but restricted by bead degradation in the system. Enhancement in bead strength with use of more stable and nontoxic synthetic polymers, design modification for the bead zone or treatment with beads as a post-clarifier polishing stage could improve the potential of this technique in full-scale application.
